Abstract-A novel method for the design of broadband patch antennas is described. The approach taken is to broadside couple two dual-mode patch antennas, resulting in a quad resonance antenna. The equivalent circuit of the antenna is similar to that of microwave filters, thus filter design techniques maybe employed to synthesize the antenna to obtain maximum return-loss bandwidth. This is the first time an increase in the bandwidth is achieved on a relatively thin substrate antenna as a result of coupling four resonant modes using two stacked circular microstrip patches. Electromagnetic simulation and measured results demonstrate bandwidth improvement of over four times that of a single-mode design.
I. INTRODUCTION

C
IRCULAR microstrip patch antennas are widely used in wireless applications for their well-known advantages of ease of construction, strong mechanical structure, low profile, and low cost. However, the major problem of this type of antenna is their inherent narrow bandwidth [1] . Multilayer microstrip antennas were proposed in the 1970s [2] - [4] , where two-or three-layer stacked microstrip patches provided a considerably wider bandwidth due to the multiresonator effect [1] , [5] , [7] , [8] . Since then, more research has been carried out, reporting various methods of stacked resonators [5] , [6] . Structures such as circular, square, and triangular microstrip patch antennas can support two orthogonal resonant modes or two polarizations [9] . In previous papers by Abunjaileh et al. [10] and Hunter [11] , it was shown that it is possible to design a dual-polarized patch antenna as if it was a dual-mode filter, which significantly improves the bandwidth. In this paper, a new stacked two layer antenna is presented from theory that has been extended to the design of a quadruple-mode antenna (this is described in Section II). Electromagnetic simulations and measured results presented in Section III show over four times bandwidth enhancement of the single-mode antenna. 
II. THEORY AND DESIGN ANALYSIS
In the previous dual-mode design [10] , the input feeds into one mode, which is then coupled to the orthogonal mode via a discontinuity (notch) in the structure. This discontinuity is located at an angle of 135 from the feed line [9] , [11] , [12] . The theory related to this design can be clearly illustrated in terms of the equivalent circuit shown in Fig. 1 . Here the admittance inverters and are networks commonly used in filter design, with transfer matrix given by (1) as follows:
The equivalent circuit resistors represent the radiation resistance of each mode, the capacitors and inductors represent the resonant modes of the antenna. The admittance inverters and represent the input matching to the antenna and the coupling between the two modes, respectively. By correct choice of and , the input return-loss bandwidth can be maximized. The theory of the coupling matrix in filter prototypes is further explained in [12] and [13] .
A. Quadruple-Mode Antenna Basic Theory
The dual-mode design approach can be extended by stacking two dual-mode antennas, as shown in Fig. 2 . Here, the arrows represent the two orthogonal resonant modes on each layer (1 and 2 on the bottom layer and 3 and 4 on the top layer). The input feeds into mode 1, which is coupled to mode 2 via a discontinuity. Couplings may then exist between all four modes and, therefore, all those couplings must be analyzed.
The generalized equivalent circuit of the antenna is shown in Fig. 3 , denormalized to a low-pass prototype form.
In reality, electromagnetic couplings between the patches should only occur between modes 1-4 and 2-3. The couplings between modes 1-3 and 2-4 can be assumed zero at this stage. Considering these assumptions, the circuit in Fig. 3 reduces to the one in Fig. 4 ;
In Section II-B, it is shown how the prototype networks in Figs. 3 and 4 can be derived analytically, reaching an equivalent circuit for the antenna with the correct coupling values. expression for the reflection coefficient of this network can be derived using circuit analysis techniques in [12] , which is shown in (2) at the bottom of this page.
B. Mathematical Transformations
The correct coupling values can be determined by designing the network to have a quasi-equiripple return-loss characteristics using techniques described in [12] and [14] . The return-loss function for a low-pass equiripple prototype resonator of order is shown in (3) [14] as follows:
For the quadruple-mode antenna being considered here, is equal to 4, is equal to 1 (assuming ), and using optimization techniques, the value for can be found to achieve an equiripple response. Therefore, with a 6-dB return-loss ripple level (which is typical for handset antennas), the expression of the reflection coefficient is given by
(with s and s ). By equating the coefficients of (2) and (4), the coupling values can be obtained, which are
The network in Fig. 5 is simulated using these values and the response is shown in Fig. 6 . The coupling values in (5) show a 6-dB bandwidth increase compared to a single-mode design of 5.7 times. However, the actual equivalent circuit of the practical antenna includes nonadjacent couplings between modes, as shown in Fig. 3. (2) The admittance matrix of the low-pass prototype in Fig. 5 is (6) or (7) where the second part of (7) is known as the coupling matrix [12] , [13] . This coupling matrix may be pre-and post-multiplied by rotational matrices without altering the input reflection coefficient response, provided that these matrices do not operate on the first row and column. This process is known as matrix rotation [12] . If 2-4 and 2-3 rotations are applied to the coupling matrix , the result is shown as follows in (8), (9) , and (11), and shown in (10) at the bottom of this page: 
This result takes into account all the possible electromagnetic couplings in the physical structure in Fig. 2 . The coupling between modes 1-3, 1-4, 2-3, and 2-4 are now nonzero. This matrix describes the circuit in Fig. 3 .
It can be assumed that the coupling between modes 2-3 and 1-4 are equal, as are the cross couplings between modes 2-4 and 1-3. Hence, and can be found by equating the values for the coupling between modes 2-3 and 1-4, and coupling between modes 1-3 and 2-4 in (10). This will force the cross couplings and to zero and equalize the adjacent couplings and to reach a circuit similar to the one in Fig. 4 , thus, (12) (13) (10) Fig. 7 . Quad-mode circular microstrip patch antenna low-pass prototype.
The values of and that satisfy (12) and (13) are and (14) These values alongside the coupling values found in (5) were used to evaluate in (10) and the result is shown in (15) and depicted in Fig. 7 as follows: (15) Here it can be clearly seen that there will definitely be equal couplings between modes 1-4 and 2-3. The other couplings between modes 1-3 are 2-4 are zero, as expected.
III. ELECTROMAGNETIC SIMULATIONS AND MEASURED RESULTS
The resonant frequency of a circular microstrip patch antenna in the dominant mode is given by [15] - [17] (16) where is the resonant frequency, are the zeros of the Bessel function of order and equal to 1.8412 for the dominant mode, and is the radius of the circular patch. The radius of circular microstrip patch antenna is fabricated on Duroid 5880, , thickness is 787 mm, and operating at 2 GHz is approximately 30 mm. In designing a quadruple-mode antenna, the most logical procedure is to start with the bottom patch and obtain the correct coupling between the first two modes. For instance, if the circuit in Fig. 7 is simulated with couplings , ,
, and are all reduced to zero, this would leave us with the bottom patch only, and hence, the simulated return loss at the center frequency is 4.4 dB. This result enables us to locate the position of the feed point across the radius of the patch [1] at 17 mm from the center point.
The second step is to introduce the coupling between the first two modes on the bottom patch, i.e.,
. If the circuit in Fig. 7 is simulated with all couplings reduced to zero apart from and , the result indicates the return-loss bandwidth of modes 1-2 only. The coupling level between them is found to be approximately 3 dB. A notch 6.17 5 mm placed at 135 from the feed line is introduced at the bottom patch, and with the aid of computer simulations, it can be designed to achieve a coupling of 3 dB between modes 1-2 in the same manner as [10] . At this stage, the bottom patch is now designed. The top patch may now be introduced and the dimensions of the second notch may be evaluated. Three tuning parameters were found useful to achieve the overall maximum 6-dB return-loss bandwidth, these are the thickness of the substrate between the two patches that controls the coupling strength between the two layers, a notch at one mode and a metal extension on the other mode controlling the couplings and , respectively. By tuning the circuit using computer simulation, a 5.55 5 mm notch is placed at 135 from the feed line on the upper patch and a metal extension A quadruple-mode antenna (Figs. 8 and 9) has been designed with total thickness of 1.168 mm. Simulated and measured results in Fig. 10 shows a bandwidth increase of over 4.2 times compared to a single mode.
The far-field radiation pattern plot is shown in Fig. 11 . This is similar to a single-mode patch antenna.
IV. CONCLUSION
Microstrip patch antennas enjoy many advantages and qualities; however, one major issue is the inherent narrow bandwidth. This paper presents a new approach for the synthesis of a dual-layer quadruple-mode circular microstrip patch antenna. Using matrix rotation techniques normally employed in filter design, the equivalent circuit and coupling values were found. These were then applied to the antenna synthesis, resulting in increasing the return-loss bandwidth by 4.2 times compared to a single-mode design. Circuit and electromagnetic simulations show excellent results, which agree well with the measured results. This is the first time that such an approach of designing antennas as multimode filters has been demonstrated.
